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NATTONAT, ADVISORY COMMITTEE FOR AERORAUTICS
RESEARCH MEMORANDUM

IRVESTIGATION OF ALTITUDE STARTING AND ACCELERATION
CHARACTERISTICS OF J47 TURBOJET ENGINE

By Richard L. Golladay and Harry E. Bloomer

SUMMARY

An Investigatlon was conducted on an axial-~flow-compressor-
type turbojet engine In the NACA TLewls altituds wind tumnel to
determine the operatlional characterlstlcs of several ignition
systems, crosg-Tire~tube configurations, and fuel systems over &
range of simmleted flight comditloms.

The opposite-pdlarity-type sperk plug provided the most sat-
isfactory ignition. Increasing the cross-fire-tube dlameter
Improved Intercombustor flame propagation. A% high winimilling
speeds, accelerations to approximately 6200 rpm could be made at
a preset constant throttle position. Between engine speeds of
4000 and 5000 rpm, cereful manipulation of the throttle weas requlred
during manual acceleration in order to avoid combustion blow-out.
Use of a varlable-area exheust nozzle reduced accelergtlon time.

INTRODUCTTION

It is often neqéssary to start turbojet engines at altitude
after combustion blow-out has cocurred or when some of the englnes
of & multiengine sircraft have been inoperative durlng cruise.
Starting and acceleration of turbojet engines ls more difficult at
high altitude than at sea level because the low coambustor pressures
and temperatures and the poor fuel spray encountered at high alti-
tude are detrimental to fuel igrnltion and flame propagatlon. The
decreased denslity of the air at high altltude also reduces the
energy avallable for acceleratlon, whereas the lnertias of the
rotating pearts remelns constant.

A general program is being conducted at the RACA Lewls laboratory
to study the problem of altitude starting and to lnvestlgate methods
of improving the altitude operational characteristice. As part of
this progrem, an investigatlion was made 1ln the Iewis altitude wind
tunnel to study the high-altitude starting and acceleratlon character-
istics of an axial-flow turbojet engine to be used 1n an alrplane

B
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powered principally by reciprocating engines. UDependable starting at «
altitude was required because the operating plans for the ailrplane
called for cruising with the Jet engines inoperative. An effort was
made to Improve the fuel-ignition system, the flame-propagation system,
and the technique for engine acceleration. A preliminary investigation
of operational characteristics at lower altitudes 1s presented in
reference 1. ' ’

The effects of these Improvements on the sterting and acceleration
characteristics of the englne were investigated over a range of alti-
tudes from 35,000 to 60,000 feet, simulated alrepeeds from 250 to
585 miles per hour, and inlet-air temperastures of approximately -40° F
and are preasented herein. The effect of four different fuels on lgni-
tion characteristics was also investigated.

S9¢T

DESCRIPTION OF APPARATUS

Installation. - The engine was installed on a wing spanning
the test section of the altitude wind tunmnel (fig. 1). During the
entire program, dry refrigerated alr was supplied to the engine
from the tunnel make-up air system through a duct comnected to the
englne Inlet by means of a labyrinth seal. The alr flow through
the duct was throitled from approximetely sea-level pressure to a
total pressure at the englne inlet corresponding to the desired .
flight Mach number while the statlc pressure in the tunnel test
section was meintained to simmlate the desired altitude.

ine. - The J47 turbojet engine used in the altitude-wind-
tunnel investlgation has a sea-level statlc thrust rating of
5200 pounds at an engine speed of 7950 rpm and a turbine-outlet
temperature of 1275° F. The engine has a l2-gtage axial-flow com-
pressor, eight cylindrical direct-flow-type combustors, a single-
stege lmpulse turblne, and a tall pipe. A flxed-area exhaust noz-
zle having an outlet area of 280 square inches was used during half
of the investigation. A manuslly controlled clem-shell-type
variable-area exhaust nozzle having & maximum outlet area of
452 square inches and a minimum outlet area of 257 sguare inches
was uged during the remainder of the Investigation. The over-all
length of the engine excludlng the exhaust nozzle 1s 143 Inches,
the maximum dlameter ls approximately 37 inchea, and the total
welight ls 2475 pounds. '

Instrumentation. - Instrumentation was installed at five sta-
tions in the engine for measuring temperatures and pressures during ,
trensient conditions (fig. 2). Engine variasbles were transmitted _ -
to gages on a panel, which was photographed by & movie camera at the
rate of 1 frame per secaond (fig. 3)}. The panel instruments are
ldentified in the followling table:
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Photo panel Instrument Fngine
number statlion
where
measured
1 Timer
2 Compressor-ocutlet total pressure 3
3 Alrspeed 1
4, 7, 18, 19 Campressor-inlet total pressure i
S Tachometer .
6 Compressor-outlet temperature 3
8 Exhsust-gas temperature 6
9 Coampressor-inlet temperature 1
10 VS-2 regulator sensing
compressor~-outlet pressure 3
11 Altimeter
1z, 13 Nozzle-Inlet total pressure 7
1417 Turbine-outlet temperature S
20 Clock
21 Ignition voltage - primary
22 Fuel-return pressure
23, 24 Varliable-control oll pressure
25-32 Carrent across lgnition systems
33, 34, 45 Small-slot fuel pressure
35 Large-slot fuel pressure
36 Throttle-position indicator
37 Fuel flow
38 Main-pump dlscharge pressure
39 Turbine-outlet static pressure S
40 Starter amperes
41 Compressor-outlet bleed-valve
(not installed) position
42 Starter volts
43 Rozzle-posltion indicator
44 Regulator-case pressure

Ignition systems. -~ The three types of ignition system that were

furnished by the englne manufacturer are shown in figure 4. The
standard lgnition unlt supplled with the J47 engine consisted of a
vibrator and an ignition coll enclosed in one packege. The vibrator
changed the 24-volt steady dlrect-current supply to a pulsating
direct current in the primary winding of the coil and a 20,000-volt

current in the secondary winding.
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The dual-synchronous system employed two vibrators in ome unit «
and =2 separate ignition coll. The vibrator units operated in par-
allel but slightly oiut of phase with one another. The use of two
vibrators sllowed & larger current flow through the coll than was
possible with the standard system. The inoreased current resulted
in approximately 40 percent more energy to the spark plug.

S9¢T

The_ opposite-polarity ignition system consisted of two ignl-
tion colls and one vibrator unit. The primary windings of the two
coils were in series but were comnnected to generate opposlite-
polarlty impulses in the secondary windings. With the leads from
the secondary windings comnected to insulated plugs, a potential
difference epproximately twice as high as that produced by the
standerd system existed across the spark gap. '

Spark plugs for these ignition esystems were also supplied by
the engine manufacturer. The four plugs shown in flgure 5 were
used with the stendard and dual-synchronous systeme. The elec-
trodes of the standard plug extended Into the combustors approxil-
mately 2 inches. The corresponding lengths of the electrodes of
the other three plugs were 3 lnches, 3% inches, and é—é inches (as
meagured from the sperk-plug flange to the tips of the electrodes).
The gap setting of each of these plugs was 0.130 inch. The ground -
electrodes of the four plugs were hollow and were cooled by primary
combustion alr. The center electrodes of the 3%‘-— and 428'-inch plugs . .
were hollow and were cooled with primary combustion alr by the

agpirator action of the ground electrode.

The opposlite-polarity type plugs (fig. 6), which were intended
for use wilth the opposlte-polarity ignition system, were also used
with the standard and éual-synchronous ignition units. When used
with these ignition systems, ome of the two pluge was connected to
the high-tension lead from the coll and the other plug was grounded.
Gaps between the plugs of 1/2 and 15/16 inch were used with the :
oppogite-polarity ignition system and 1/4 inch with the standard and
dual~-synchronous ignition systems. These larger gaps were possible
because the design of the opposite-polerity plug greatly reduced the
"iadder effect" encountered with the standard plug. The opposite-
polarity twin plug (with a gap of 1 in.) (figs. 7 and 8) was used
only with the opposite-polariiy ignition system. The electrodes
of the opposite-polarity plugs were hollow and were cooled by com~
pressor dlacharge ailr.
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Croes-fire tnbes. - Cross-fire tubes used in thils Investigation
included the sta.nd.ard size (l-in. diameter) end three 1arge sizes,

3 7
175, 175, and 25- inches 1n diameter (fig. 9). The 1-, 116 s

%—inch tubes, which were furnlshed by the manufacturer, were

installed 1n the standard location. The ll ——winch tube was made by

8
removing the liner from the 1—.—:Ls inch tube. The Zg-inch tubes were
installed at the closest poilnt bebwsen combustors at the position
of the steandard cross-fire tubes (fig. 8). Because of installation
difficulties, the cross-fire tube bebween combustors 4 end 5 was
cmitted.

For two configurations, cross-fire tubes were lnstalled 3 inches
forwvard of the standerd location so that the domes of adjacent com~-
bustors were comnected (flg. 10). The two configurations differed

in that the crosg-fire-tube dlameters were 1 lnch and % inches.

Fuel gystems. - For the first pert of this investigation, the
standard engine fuel system was used (fig. 1l(a)). The main com-~
ponents of this system conslst of a fuel regulator, gear-type fuel
pump, fuel-control valve, flow divider, and duplex fuel nozzles.
Fuel is supplled to the main fuel pump by means of & booster pump.
The melin fuel pump ls of the constant-dlsplacement type having a
pumping capaolty that ls greater than the fuel requlrements of the
engine. The fuel-pump dlscharge pressure ls varled by bypassing s
portion of the fuel back to the pump Inlet. The position of the
fuel-control valve in the bypass circuit is govermed by the
varieble~control oll pressure supplilied by the fuel regulator. The
fuel-regulator varlable-~control oill pressure 1s a function of throt-
tle position, compressor-discharge pressure, and englne speed. The
regulator includes a wide-range speed governor, which operates
effectively at engine speeds above 3000 rpm, meintaine constant
engine speed for a glven throttle position and £light condition,
and also provides overspeed protection. At engline speeds below
3000 rpm, fuel flow is controlled by manual operation of the
stopcock.

A bypass was installed arocund the stopoock for masking starts
at preselected fuel flows. Iater in the flrst part of the investi-
gation, the fuel was regulated by & supplementary throttle installed
in the line feeding the largé mlots of the fuel nozzles 1n order %o
prevent combustion blow-out caused by sudden surges of fuel Iflow
when the flow divider cpemed. N '
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For the second part of the investigation, the fuel system was
modified as shown in figure 11(b). The fuel line to the small-slot
menifold was closed and all the fuel was supplied to the Ffuel noz-
zlea through a fuel-distribubtlon control (fig. 1i2). The cantrol
meters egual amounts of fuel to the large slots of each of the eight
fuel nozzles regardless of the total fuel flow. A more detailed
description of the fuel-distribution control is presented in appen-
dix A. The spray angle and the large-slot orifice diametexr of the
fuel nozzles used with thils system were larger than those of the
standard nozzles. A needle valve was Installed in a bypass around
the flow divider to simmlate the restrlction of the small slots so
that the fuel-regulator schedule would be uneffected. For thls part
of the Investigation, a supplementary throttle installed in the fuel-
outlet line of the oll cooler provided a microedjustment for the fuel
at low flowe.

Fuels. - Because the alrplane In which thie type of engine was
to be installed carried only gasoline iIn Its tanks, the maln part
of the investigaticn was conducted with this fuel. For most of the
investigation, weathered unleaded gascline AN-F-48b, grade 115/145,
base stock with & Reid vapor pressure of 4.2 pounds per square Inch
was used., Weathered gasoline was used to simulate that fuel which
is left in ailrplane tanks after it has climbed to high altitude,
Parts of the investigatlion, however, were conducted with leaded gasm-
oline AN-F-48b, grade 115/145, with a Reid vapor pressure of
8.2 pounds per square inch, weathered leaded gasoline AN-F-48b,
grade 115/145 base stock with a Reld vapor pressure of 4.2 pounds
per square Inch, and the readlily avallable fuel AN-F-58.

Oxygen=-injection system. - The oxygen-injection system con-
alsted of & stalnless~steel tube comnected to each combustor in
the position shown in figure 13. The tubes were of 3/16-inch
inside dismeter end were immersed 1/4 inch inside the combustor
liner. When initial results Indicated that Insufflclent penetra-
tion was achleved, the lnside dlameter of the bubes was decreased
to 3/32 inch and the immersiocn wae increased to 1/2 inch. The oxy-
gen wes injected into the combustors at pressures ranging from 15
to 35 pounds per square Iinch. . .

PROCEDURE

Engine operational cheracteristics were Investlgated over a
range of pressure altitudes from 35,000 to 60,000 feet and simulated
airspeeds from 250 tc 585 miles per hour, which correspond to flight
Mach numbers from 0.37 to 0.88, and englne windmilling speeds from

Q9¢T
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approximately 1200 to 3000 rpm (fig. 14)'. The compressor-Iinlet alr
temperature waes maintained at approximately -40° F (420° R) at
each simnlated £light condlition.

All attempts to accompliish ignitlon were made while the engine
was windmilling without starter-motor assistance. During the
starting oycle, the fuel flow was set at a predetermined value before
the ignltion system wes energized. After flame propagated to all the
combustors, the engline was accelerasted with the throttle.

Some starts and accelerations were made with the standard engine
fuel system, as iIndicated in tebles I to IIX. For most of the inves-
tigation, however, the modified fuel system was used.

Two technigques were employed in sterting and accelerating the
engine. Manual accelerations from all windmilling speeds investi-
gated were accomplished by governing the rate of throttle advance
to maintain a turbine-outlet gas temperature of 1600° F until en
engine speed of approximately 4000 rpm was reached. In oxder %o
avold combustion blow-out, the throttle positlion was held fixed
until the engine accelerated to 5000 rpm and the exhsust-gas tem-
pereture decreased to 1100° F. The exhaust-ges temperature was
then gradually Increased to 1600° F by advancing the throttle until
rated engine speed was reached.

"Automatic™ starts and accelerations were made only at wind-
milling speeds of Ipproximately 2000 rpm. It was posslble to pre-
sot the throttle tc glve a fuel flow such that, when The lgnition
was turned on, the engine started and accelerated to an engine
speed of approximetely 6200 rpm, from which speed it wes further
accelerated to rated speed by edvencing the throtile from its pre-
got position. During the time the throttle poslition was constent,
the fuel flow increased because of increased cubtput of the fuel
pump with emgine speed. This method of starting and accelerating
en engine would be partilcularly useful in flight where more Than
one engine must be put into operation.

RESULTS AND DISCUSSION

Ignition in & gas-turbine engine at high altitudes can be
obtained when the following conditions are established: (1) The
spark-plug electrodes must be located in the caombustor where &
combustible mixture exists; (2) the pressure level in the cam-
bustor should be as high &s possible and the air valoclty as low
as possible; (3) the spark energy level must be sufficient to
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produce ignition at reduced mixture densities; and (4) the Ffuel
entering the combustor should be highly volatile and at as high a
temperature as possible. The effects of some of these factors on
the starting characteristics of a full-scale turbojet englne for a
range of altitudes end ailrspeeds are shown and discussed herein.

Determination of Fuel-Flow Requirements

Successful ignition and flame propegation throughout the engine
combustors can be cbtalned for only a limited range of fuel-air
ratios. Thus, as the engine air flow varies with changes in alti-
tude or alrspeed, the fuel flow muzet alsc be varied in order that
the resulting fuel-alr ratio be within the cambustible range. Min-
imum and maximum fuel flows were determined by the trial-and-error
method. The range of fuel flows for which ignition and flame propa-
gatlon were accomplished are ehown in the following table for both
fuel systems at all flight conditions investigated. Fewer starts
were made at a simulated ailrspeed of 355 miles per hour than at the
other airspeeds at all three altitudes; therefore, the fuel-flow
limits are not belleved to be aa accurate for this condition as for
other conditlons.

Fuel flow
(1b/nr)
Altitude Simulated Standard Fuel-

alrapeed fuel distributor

(mph ) system system

35,000 250 200~-575 290-800

35,000 355 300~390 460-750

35,000 410 . 270-630 450-300

40,000 250 200-350 350690
40,000 355 280-345 400-700 -

40,000 410 220~425" 400~870

45,000 250 130~-380 290-740

45,000 355 210-450 295-610

45,000° 410 270 390~-760

It is noted that the engine requlred more fuel as the altitude
pressure and airspeed were increased. When the engine was

equipped with the fuel-dlstribution control, more fuel was regquired
for 1gnltion and propagation than with the standerd fuel system.
For the dome-to-dame locatlon of crogs-fire tubes, it was necessary
to drop the fuel flow to the lower limit in order to obtain satis-

factory propagation.

S9¢T
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Ignition

The rellebllity of an ignlition system can be evalusted at a
particular flight condition by consideration of the time required
To obtain initiel ignition and the number. of successful starts
obtained with respect to the total number of attempts made. After
the predetermined correct fuel flow is set and the ignition is
turned o, the ignition time (time reguired for initial ignition
0 occur) depends on the probablility of a combustible mixture
existing In -the region of the spark plug. Thus the primary solu-
tion to cbtaining reliasble lgnition in the shortest time interval
is to locate the spark gap in a region of the combustor where the
probability of the exlstence of a combustible mixbture is the
greatest. ‘

A comparison of the performsnce of several of the ignition
systems investigated 1s shown in table I. Ignition times of 5,
10, and 20 seconds were arbitrarily established as the basis for
comparison. Changes 1n the fuel system had no apparent effect on
ignition time when the same ignition system was used.

The performsnce of the standerd ignition system with 2-inchk
spark plugs was poor. At altitudes of 35,000 and 40,000 feet and
an airspeed of 250 miles per hour, only 25 percent of the attempted
starts resulted In ignition within 20 seconds.

Three octher lengths of the standard-type spark plug (3, 3%,

L
and 47 in. (fig. 5)) were used with the standard and dual-

synchronous ignitlon systems. Of these combinations, the most
satisfactory performance was cbtalned wlth the dual-synchronous
ignition coll and the 3-inch spark plug, as shown in table I.
Although the performance was sllghtly better than that of the
standard ignition system for the same flight comditiomse, lgnition
within 20 seconds could not be obtained at airepeeds higher than
250 mlles per hour at an albtitude of 40,000 fest or at any air-
speed at an altitude of 45,000 feet.

When the opposite-polarity igntion system was used with a
spark-plug gap of 13/16 inch at the same flight conditions, igni-
tion was obtained more conslstently and generally within a shorter
time. Although some starts were cbtalned at an alrspeed of
410 miles pex hour at zltitudes of 40,000 and 45,000 feet, the
average time for ignition was longer than 20 seconds. The rapldlty
with vhich ignltions could be obtained with the opposite-polarlity
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system was greetly ilmproved by decreasing the spark-plug gap from
13/16 inch to 1/2 inch. Ignition was obtained comsistently at all
flight conditloms investigated and for the majorlty of attempis
made lgnition was obtalned In 10 seconds or less.

Tn an effort to maintain the improved lignition system as close
as possible to the standard system, the standard ignltlion coils were
used wlth the opposite-polarlty plugs having a l/é-inoh gap. The
resultes obtalned with this configuration at most condltions were as
good as -those obtalned with the best configuration using the
oppoasite-polarity coils. At altitudes of 35,000, 40,000, and
45,000 feet, at least 83 percent of ignitioms at 250 miles per hour
and at least 50 percent of ignltlons at 410 mlles per hour were
accomplished in 10 seconds or less. '

It 1s therefore apparent that the opposite-polarity plugs were
responsible for most of the improvement in the starting character-
istiecs, rather than coil deslgn or length of spark plug.

In sddition to the data presented in table I, ignltions were
obtained with the fuel-dilstributor system at airspeeds greater than
410 miles per hour or at altitudes higher than 45,000 feet. All
attempts resulbed in ignitlon. At an altitude of 45,000 feet and
an alrspeed of 585 miles per hour, five lgnltlions were obtalned in
25 meconds or less using each of itwo systems, the opposlte-polarity
1gnitlon system with l/2—inch gpark gap and the standard coil with
opposite-polarity plugs and l/4-inoh gpark gap. At an altitude of
50,000 feet, three ignitions were obtained in 20 seconds or less at
250 miles per hour with the opposite-polarity ignition and 1/2-inch
spark gap. The opposite-polarity eystem with 1/2-inch spark-plug
gap wag also effective at 60,000 feet and 315 miles per hour where
two ignitions were obtained in 30 seconds or less.

Flame Propagation

In the design of a turbolet engine having several individual
combugtors, it is general practlice %o install spark pluge in only
two diametrically opposite combustors, thus providing a simplifi-
cation and a saving in weight as compared to a system where each
combustor would heve a separate ignition system. Ignltlion in the
remaining combustors is dependent on flame propagation through
interconnecting cross~fire tubes. Aslde from obtaining reliable
ignition in the combustors comtaining spark plugs, successful
starting of a turbojet engine depends cn the abllity of the flame
‘to propagate rapidly throughout the remaining combustors. Flame

S9¢T
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propagation may be affected by the dlamster and the length of the
cross~fire tube and the lengthwise locaetlon of the tube on the
cambustor.

The flame-propagation performance of several cross-Tire-tube
configurations is presented in table IT for altltudes of 35,000,
40,000, and 45,000 fest and & renge of alrspeeds at each altitude.
The Plame-propagetlon time wes recorded from the time thet ignltion
occurred in one combustor until all combustors were ignlted.

Flame propagation with the standard croas-—fi:ée tubes (1L in. in
diameter) was unsatisfactory at all flight cocaditions investigated.

An increase Iin cross-fire~-tube diameter to 116 inches resunlbed in

same lmprovement in flame propagation, but the percentage of propa-
getlions obtained was low, particularly at altitudes of 40 000 and

45,000 feet. A further increase in tube dlemeter to ]’.LG inches

greatly improved flame propagetlion &b all altitudes and alrspeeds.
In at least 80 percent of the attempts, flame propagation was
obtalned 1n 20 seconds or less at all altitudes and alrspeeds
except 45,000 feet and 410 miles per hour.

Increaging the dlameter of the cross-fire tubes apparently
improved flame propagation. Consequently, tubes were fabricated

with a dlameter of 2% inches and were lnstelled at the shortest

distance between combustora. In order to Ilnclude this configuration
in the investigation, it wes fabricated rapldly. A loose fit
between cross-fire tubses and ccmbustor liner to allow for expansion,
the protrusion of the cross-fire tubes through the liners, and omls-
sion of the oross-fire tubs between combustors 4 end 5 because of
ingtallation difficulties probably explain the reduced performance

of this configuration compared with the smaller l%g-inch—diameter
cross~-fire tubes.

Two sets of cross~fire tubes having diameters of 1 and
1136 inches were installed in the dome of the combustors 3 inches
forward of the stenderd position. The l-inch-diameter dome-to-dome
cross-Fire tubes gave satisfactory propagation at an altitude of
35,000 feet and an alrspeed of 255 mlles per hour. These results
ere not presented in table II. By increasing the diameter to

lfs inches, in 67 percent of the attempts propagations were mede in

10 seconds and 100 percent in 20 seconds at altitudes of 35,000 and
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40,000 feet at a slmuleted alrspeed of 250 mlles per hour. AL
higher airspeeds and an altitude of 45,000 feet, however, perform-
ance was very poor. Ag shown in table II, a limited amount of

data was obtained using the 1-]%-inch-d.iamster cross-flre tube with
both the stendard and the fuel-distribution control fuel systems.
The data 1ndiocate that the change in fuel system did not appreclably
affect propagation time.

Acceleration

Humerous acocelerations were made using the manual and automatic
techniques with the variable-ares exhaust nozzle open and Iin the _
standard-area position. The average time for these acceleratlions 1s
gshown In table III. The time gliven in the table was recorded from
the completlon of propagation to the time yated speed waa reached.

Attempts to accelerate with the standard fuel system at 40,000
and 45,000 feet at an alrspeed of 250 miles per hour, werse unsuc-
ceseful. because of combustion blow-out.

In order to improve the acceleration characteristlics of the
engine, the standard fuel system was replaced by the fuel-distribution
control system. .This system was designed to distribute the fuel
equally to all combustors at all fuel flows and also spray larger
drops of fuel into the combustors because fuel was. injected through
only the large slots. An improvement Iin acceleratlon time was noted
at every comdition and, at some conditions, accelerations were made
with the fuel-dlstributlion conbrol thet were impossible to make with
the standard fuel system. With the use of the fuel distridbutor at
engine windmilling speeds of approxlimately Z000 rpm, it was possible
for the engine to accelerate "automatically” at comstant throttle
position to approximately 6200 rpm, from which point the throttle
could be advanced rapidly. As shown in table IITI, the manual accel-
eration was, in general, faster than the automatlc ascceleration
because the turbine-outlet temperature could he kept closer to
1600° F. A sudden change in fuel flow by throttle motion during
the acceleration to approximately 6200 rpm, particularly between
4000 and 5000 rpm, however, was likely to cause cambustion blow-oub.
Although not as rapid, the automatic-type acceleration is valuable,
inasmuch as it practically eliminetes pllot throttle technlgue and
cambustion blow-out. A comparison of the automatlc and manual type
of acceleration is presented In figure 15 for an altitude of
40,000 feet at an airspeed of 410 miles per hour. It can be noted
that the fuel pressure and turbine-outlet temperature are generally
higher for the manual acceleration.
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Decreasing the turblne-outlet pressure by increasing the
exhaust-nozzle area with & wvarisble-area nozzle decreased the accel-
eration time an average of 50 percent of the time regulred with the
sbtandard nozzle area, except at an altlitude of 45,000 feet and an
airspeed of 410 miles per hour where only cme acoeleration was made
wlth the nozzle open (table III). A time history of an acceleration
with the nozzle open at 40,000 feet and an airspeed of 410 mlles per
hour is dlso presented in figure 15. The manual acceleratlon time
to 7600 rpm is 23 meconds compared with 40 secomds Pfor the manual
acceleration with the standard-area exhaust nozzle. The reduced
pressure at the turbine outlet with the exhaust nozzle open, although
it redunces acceleration time, actually Increases time for ignition
and propagetion. For thls reason, the best procedure to shorten
starting time for operatlon with a variable-ares nozzle 1is to keep
the nozzle in the clomsed position until 1gnition and propagation are
campleted end then to open the nozzle untll the acceleration 1s
completed.

Effect of .Flzel

Several fuels were used In the investigation in an effort to
determine the effect on high-altitude ignition. During thils pert
of the investigation the engline was equipped with the sbtandard and
opposite-polarity ignition systems, opposlite-polarity-type spark
plugs, and the fusl-distribubtlon comtrol. It was thought that the
higher volatility fuels would ignite Paster, bubt examinatlion of the
limited data available indicated that the effect of fuel volatility
within the range Investlgated was megligible.

Effect of Oxygen Injection

In order to aid ignition and propagation, oxygen was Injected
into the combustors at altitudes of 45,000 and 50,000 feet. A def-
inite decreage In time for ignitions and propagations was noted
when oxygen was Injected. During one start, combustors that had
ignited went out when the oxygen flow was stopped. Even though
oxygen injectlon improves ignition and propagation, its use In a
flight installation might be objectionable because of the extra
welght of inJjection equipment.
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SUMMARY OF RESULTS

The followlng results were obtalned during an investigation
of the hilgh-altitude starting and acceleration characterletics of
a J47 turbojet engine in the NACA Iewis altitude wind tunnel:

1. The ignltlon systems that performed most reliably were the
opposite-polarity coils combined with the opposlte-polarity spark
plugs with a 1/2-inch gap, and the standard coil with opposite-
polarity spark plugs with l/4-inch gap. Reliabls ignition was
obtained at simmlated airspeeds up to 410 miles per hour and alti-
tudes up to 45,000 feet. Several successful lgnitions were obtalned
at an altitude of 60,000 feet at an airspeed of 315 mlles per hour
and at alrspeeds as high as 585 miles per hour at an altliude of
45,000 feet.

2. Intercambustor flame propagation improved as the cross-flre-
tube dismeter was increased from 1 inch to l-]% inches.

3. Acceleration characteristics were improved through the use
of the fuel-distribution control, which mede it possible to use
larger fuel flows at ignition and during the early stages of accel-
eration. At altitudes fram 35,000 to 45,000 feet and an airspeed
of approximately 410 miles per hour, corresponding to an engline
windmilling speed of 2000 rpm, accelerations were made to 6200 rpm
at a preset constant throttle position. Between engine speeds of
4000 and 5000 rpm, careful menipulation of the throttle was required
during manusl acceleration in order to avold cambusiion blow-out.

4, Average time for accelerations with the variable-area exhaust
nozzle was reduced to 50 percent of the time required with the stend-
ard area nozzle.

Lewls Flight Propulsion Iaboratory,
National Advisory Committee for Aercmautlcs,
Cleveland, Ohio.
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APPENDIX A

FUEL-DISTRIBUTION CONTROL

The fuel-distribution control equalizes the flow to the fuel
nozzles independently of nozzle flow reasilstance by controlling egual
Pressure drops across fixed-area orifices. One of these orifices
feeds each nozzle. The fuel-distribution conirol used in this
Investigation was basically similar to the control described in
reference 2. The control was modified by using a springless,
dlaphragm-operated pilot resistance valve thet was automatically
vented by a multiple pressure selector to the branchk line feeding
the nozzle having the highest resistance. In this menner, the
Pilot resistance valve automatically edjusted to the pressure-drop
characteristics of the nozzles. As schematically shown In fig-
ure 16, each branch line feeding a nozzle 1s vented to a diaphragm-
operated check valve. If the pressure 1n a branch line 1s higher
than the pressure belng transmitted to the opposite port of the check
valve, the check-valve diaphregm l1s moved upward and the branch pres-
sure ig transmitted downward. If the pressure in a branch line is
lower than the pressure transmitted to the opposite port of the check
valve, the dlaphragm is moved downward and the higher pressure
entering the upper port is tranemitted dowoward. In this msnner +the
highest pressure exlsting in any of the branch lines is tranemitted
downward to chamber C. The diaphragm-cperated pilot resistance valve
positions itself to maintain the pressure in chamber D equal Lo that
in chember C. The plilot regulator Jet therefore always discharges
into a pressure egual to that existing in the branch line feedling
the nozzle having the highest resistance.

The pilot element 1s used to feed cne of the elght engine fuel
nozzles. If this nozzle should have the highest resistance, the
diaphragm-cperated pllot resistance valve moves to a wide-open posi-
tion and the pllot regulator Jet again discharges into & pressure
equal to that existing in the branch line feeding the nozzle with
the highest reslstance.
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APPENDIX B v

CALCULATIONS

Symbols
The following symbols are used in this report:

goet

acoeleration due to gravity, 32.2 ft/sec?

P totel pressure, 1b/sq £t absolute

P static pressure, lb/sq £t absolute
R gas constant, 53.3 £t-1b/(1b) (°R)

T  total temperature, °R

T; indicated temperature, °R

static temperature, °rR

< o

veloolity, ft/sec -
Y ratio of speciflic heats

Subscripta:

0 free-alr stream

1 englne Inlet

Methods of Calculation

In the caloulation of the desired parameters, arithmetic-
average values of temperature and pressure were used.

Temperatures, - Static temperatures were determined from
indicated temperatures with the following relatlon:

T
t = -

1 + 0.85 [(

z=1

N |

W
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v Airspeed. - Simulated airspeed was calculated from ram pressure
ratio by the Ffollowlng equetion assuming complete pressure recovery
at the engine inlet:

-1
T p\LI==
| 2y 1 ( 1) >
V, = &R 1 -1
P 0 7-1 z=1 I\ P
] (Pl)?'
Po
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1. Bloaomer, Hexry E.: Altltude-Wind-Tunnel Investigation of Opera-
tional Characteristics of J47 Turbojet Engine. NACA RM ESIZ26,
1949,

2. Gold, Herocld, and Straight, David M.: A Fuel Distribution Control
for Ges-Turbine Engines. NACA RM E8C08, 1948.
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TABLE I - JGNITION

A2t 1tnde |S1mlated | Pime Ignltion
(#%) |sirepesd |(seo) Standard fusl system ° Tusl-digtribution systen
(mph) Standard igniticn,| Dual-s Oppontte-polarity | Opposite-polarity | Standmed igniticn,
2-in, plug ignition, S-in, tion, tiom, opposite-polarity
plng 15/16-1n. gap " 1/2-in. gap | plug, 1/4-in. gap
Suoceesful| Total |Successful| Total |Suscessful| Total |Suoccessful| Total [Sucosssful| Total
ignitions  [attexpis|ignitions |atiemptalignitions |attemptsl ignitions |attenpts |ignitions |attempts
. |(percent) (percant) (percent) (percent.) {percent)
35,000 250 5 0 10 0 43 68
' 10 0 80 i 100 - 100 .
20 25 4 90 10 83 8 100 7 100 g
55,000 [ 355 5 |  (a) 0 0 100 100
10 (a) 0 50 100 100
. 20 (a) 0 1 100 2 100 1 100 2
55,000 | 410 5 0 0 0 50 80
10 0 0 50 50 100
20 0 2 29 7 100 2 100 2 100 5
40,000 | 250 5 0 0 43 38 90
10 0 38 75 ° 50 90
20 25 4 38 a 100 12 100 8 100 10
40,000 355 5 (a) 0 0 100 100
10 (a) 0 0 100 100
20 (=) 0 4 50 2 100 10 100 8
40,000 410 5 H 0 0 56
10 a 0 -0 100 ! 78
20 {a) 0 2 40 5 100 8 100 9
45,000 250 5 0 0 0 33 35 .
10 0 0 0 83 85
20 0 1 0 ‘ 14 7 100 ] 100 8
45,000 355 5 (a} 0 0 33 0
10 (a 0 0 100 100
20 {a) 0 2 0 3 100 5 100 1
45,000 410 5 (s) (a) 0 42 0
10 (a) {a) ] 75 50
20 (a) (a) 25 4 100 12 50 4

%pata not obrbained,

oy
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ZARLE TI ~ FLAME PROPAGAYION

1365

Atitede [Shwnlated | Time . Flame propagation
(rb) nir(:'md (se0) Standard fuel system Fupl-distribution system
3 3 7 3
1-in,-d1sm, lye-in.-d4zm, log-in.-diem. lgp-in.-dinm. Z5-in,-atnu, Dome-to-
wtandard cross-fire croan~Iire croas-Iire revised dons
arosn-tire tube tabs Sube oross-firs 1-1n,
tuba tube diam,
Sucosnaful | Total (Succansiui| Yotal |Succonafnl | Tetal |Fucoeasfnl{ Total [Snocesafnl | Tobal Total
startes |wtayts| starte |starts| starts |starts| wstarts |stapts| starts [atarts| starts |starts
{pexoent) (percent) {pexcent) (perosnt) {percent) {paromt)
85,000 250 10 0 0 50 80 5 _ 87
20 18 19 0 1 88 B 80 5 75 4 200 3
55,000 385 110 0 a) 0 100 50 0
20 ] 3 Y] 0 5 100 2 50 2 0 1
55,000 410 10 0 80 33 100 100 ]
20 0 7 100 5 #“ ] 100 3 100 & 78 [l
40,000 250 10 0 a5 25 100 80 87
20 0 17 57 8 37 15 100 1 8T & 100 3
40,000 355 10 0 5D 25 az (n; 0
20 0 1 50 4 25 4 az hh (n 0 [
40,000 410 10 (=) 0 0 100 {a) 0
20 (a) 0 5 5 2 100 ] (a) 0 2
45,000 250 10 0 20 18 80 i 0
20 o 1 20 10 24 17 20 5 4 7 0 4
45,000 385 10 (u; ¢ ] 35 51 o
20 (a 0 3 0 1 100 5 a 0 2
45,000 | 410 10 (a; 0 0 19 0 gn)
20 (a 0 1 7 14 50 15 .0 1 )

Z/mta not obtained

-
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TABIE ITT - ACCELERATIONG

Altitude |Simalated |Approximats | Approximate Accelsration time
(£t) laivepesd [windmi1ling| spesd at (=a0)
{mph) gpesd etart of Stanlard Foel-diwtribution cootrol
(rm) |mcceleretion
(rom) fuel system
Fixed - Hanual Antometlc -
etandard~ Stapiard- Nozzle Standard.- Nozzle
arsn area nen area apen
nprzla nozzle nozzle
Limita and|Total| Liwits and|Total [[imita and jPotal|Limits and [Total [Limits and |Fotal
average | rune| averags | munsa | average | rvma| aversge | runs| average | rune
35,000 250 1225 1300 120-270 {1 103-150 64-65 (w) (a)
170 3 1351 5 64 3
35,000 385 1700 1750 (a) 40-60 (a) 149 (n}
52 3 149 1
35,000 | 410 2100 2425 45-90 30-75 - (a) 26-83 25-40
. 80 3 43 i 59 2 33 3
40,000 | 250 1225 1400 (») 100-244 93-108 (n) (a)
180 B 99 2
40,000 355 1600 1728 (a) 05-118 i3 (2) ()
108 2 4 1
40,000 410 2000 2550 85-1.02 30-140 21-35 44-73 {a)
22 3 59 10 7 3 54 4
45,000 250 1200 1450 (n) 210-31% 180 (a) (a}
257 4 W |1
45,000 358 1600 1875 (a) 101 82 (a) {a)
101 1 62 1
45,000 410 1900 2750 {a) 38-54 53 88-115 4l
: 45 4 53 1 100 5 41 1

AData ot obtained.

YEngine failsd to reach top speed.
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Station 6,
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S‘hﬂmiiie . Station 3, Station 5, Station 7,
engine comreagor oublat twrbine oublet nozzle inlet
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L 47 4 8 -
k] 26 -] 4
5 8
] 4
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Plgme 2, - (ross geotion of turbojet-sngine instmllation howing instrumentation stablions.
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Figure 3, - Fhoto pansl of Instovments recoried hy movie camera during tremsient conditions,
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Rigure 5, - Four spark plugs used with standard and dual-synchrondus ignitlon units.
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(2) View from inside of oambustor.

C-23718
7548

(b) View from outside of ccmbustor.

Figure 6, - Opposite-polarity-type spark plugs Instelled ln combustor.
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Figure 7. - Opposite~polarity twin plug.

C-23779
7-13-48
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e 2 :—;— -inch crose-fire tubes =
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- v ¥z SN
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- 7-14-49

Figure 8. = Installation of 2 % -inch cross-fire tubes at shortest dimtance between com-

bustors and opposite-polarity twin plug.
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Figure 9, - Crose-fire tubes In order of decreasing dlmmeter.
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Figure 10. - Imstallatlion of dome-to-dome positlon cross-fire tubes.

37






! ' ~45B=13468~ v ' qagT v

1l-aloct manifold

L02D0G63 WY YOVYN

Fel, tank
large-glot manifold
i A
e = 7 ‘ \_/Z’—[nbflex fuel
- ///’//é B - e " nozzle
Filtar % 774 . i,
011 taxk (0Ll xe Flow \k‘ -

From compreasor discharge —*—---g

nozgle
011
W digscharge
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Tuel-distribution
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(a) Standar) fuel system, (b) Modified fuel system.

Figmw 11, - Disgrammtic eketch of standaxd and modified fusl systems,
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Figure 12, - Experimental fuel-distributlion control used during altitude-starting investi-
gation.

Figure 13, - Locatlon of oxygen-injection tubes om combustor.
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Figure 14. =~ Variation of englne Iindmilliﬁg speed with simulated mirapeed at altl-
tudes from 35,000 to 60,000 feet. Exhaust-nozzle-outlet area, 280 square inches.

L09063 WY YOVN

&t



44 NACA RM EB0GO7
- 16 -
&
8e
25 12 £
ig — /‘F‘ch.
.3:3 jos g
£ P '
L& 2000
L]
% 1800 N
58 g 7--—(!'/'
35 | O
1000
EE. L " ‘ Type of acceleration
» 800 QO Automatio
3 Manuel
e Menual {nozrle open}
i . :
E (b} //’ f/'
ﬂ_u 40 -
INEERNEERSS
f 3
LR -
ﬁ'é ® 100
g2 : {
cHE 60 -
E‘SI‘: .
] 20 - I
80
- 4 (’trﬁ‘ Vs
N / / ‘/"/

300

LA

Engine speed, rpm
»

-

c

8 i€

24
Time, sec

52

40

Figure 15, ~ Variation of several engine varlisbles with time using mapual snd sutomatlo technique
Altituds, 40,000 feet; sirspeed, 410 miles per hour.
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Figure 16, = Schematlc dlagram of fuel-distribubtion control.
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